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A new model for Blade-Vortex Interaction noise generation during maneuvering flight is developed 
in this paper. Acoustic and performance data from both flight and wind tunnels are used to derive a 
non-dimensional and analytical performance/acoustic model that describes BVI noise in steady flight. 
The model is extended to transient maneuvering flight (pure pitch and roll transients) by using quasi- 
steady assumptions throughout the prescribed maneuvers. Ground noise measurements, taken during 
maneuvering flight of a Bell 206B helicopter, show that many of the noise radiation details are captured. 
The result is a computationally efficient Blade-Vortex Interaction noise model with sufficient accuracy 
to account for transient maneuvering flight. The code can be run in real time to predict transient 
maneuver noise and is suitable for use in an acoustic mission-planning tool. 


Notation 

A Mean Inflow Coefficient 

aQ Ambient Speed of Sound 

B Longitudinal Inflow Coefficient 

b Number of Rotor Blades 

C Lateral Inflow Coefficient 

Cj Thrust Coefficient 

C p r Acoustic Pressure Coefficient 

C p Blade Surface Pressure Coefficient 

C v Vortex Core Growth Coefficient 

D Wake Contraction Coefficient 

M Section Mach Number 

M Mach Direction Vector 

Mh Hover Tip Mach Number 

M r Mach Number along Propagation Direction 

h Surface Normal Direction 

P Surface Pressure 

p' L Acoustic Perturbation Pressure due to Loading 

r Propagation Distance 

r Propagation Direction Vector 

r Non-Dimensional Propagation Distance 

?o Non-Dimensional Vortex Core Radius 

r v Non-Dimensional Vortex Radius 

R Rotor Radius 

S Blade Surface Area 

s Reduced Time 

S Non-Dimensional Blade Surface Area 

t Time of Observation 
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t Non-Dimensional Time of Observation 

vq / £IR Non-Dimensional Swirl Velocity 

x Non-Dimensional Cartesian Coordinate Vector 

X Indicial Function 

Y Indicial Function 

i,j,k Tip-Path-Plane Unit Direction Vectors 

a, y, z Non-Dimensional Tip-Path-Plane Coordinates 

a Blade Element Angle of Attack 

f v Non-Dimensional Vortex Filament Strength 

70 Mean Vortex Strength Coefficient 

71 c Longitudinal Vortex Strength Coefficient 

7l v Lateral Vortex Strength Coefficient 

To Hover Nominal Tip Vortex Circulation Strength 

r Non-Dimensional Circulation 

X[ Local Induced Inflow Ratio 

Ao Mean Inflow Ratio 

X\ Wake Contraction Parameter 

X\ c Slope of Longitudinal Inflow 

X\ s Slope of Lateral Inflow 

/I Advance Ratio 

Po Ambient Density 

T Time of Emission 

t Non-Dimensional Time of Emission 

X Wake Skew Ratio 

% Rotor Blade Azimuth 

Vv Vortex Filament Azimuth 

0 Wake Age 

Q Rotor Rotational Speed 

* 

() Derivative with Respect to y/ 


Background 

Acoustic prediction is becoming an increasingly important 
component of helicopter mission planning for both civil and 
military applications. Estimates of helicopter noise radia- 
tion to observers on the ground are required to design low 
noise helicopter operations that minimize community an- 
noyance or the acoustic detection of helicopters. To be use- 
ful, these estimates should be available in near real-time and 
be reasonably accurate. 

Several empirical noise-mapping methods are currently 
used for mission planning. (Refs. 00 These models as- 
sume that any mission profile can be represented as a se- 
quence of steady-flight segments. Each segment is asso- 
ciated with a description of the noise radiated by the he- 
licopter during that steady-state flight condition. An esti- 
mate of the noise generated during the mission is obtained 
by projecting the acoustic data from each flight segment 
to the ground. The relation between noise radiation and 
steady-state operating condition is derived for a particular 
helicopter from a set of ground-noise measurements. This 
data is gathered by flying the helicopter in a steady-state 
flight condition over an array of microphones. This process 
is typically repeated for a range of airspeeds and flight-path 
angles. The measured acoustic data for each flight condi- 
tion is stored and may be used to characterize the acoustic 
radiation of the helicopter. 

These noise-mapping methods work quite well for de- 
scribing the noise radiation during steady-flight. In particu- 
lar, main rotor Blade- Vortex Interaction (BVI) noise, which 
is the dominant source of noise for many helicopters dur- 
ing approach, has been shown to be a strong function of 
the mean inflow through the rotor disk, which is a strong 
function of both the airspeed and flight-path angle of the 
helicopter. As the helicopter descends, the shed tip vortices 
of the main rotor are positioned close to the rotor’s tip-path- 
plane, causing strong BVI noise. 

A method of extending these empirical methods to pre- 
dict the noise radiation for a helicopter executing slow-to- 
moderate maneuvers has also been developed. (Ref. [ 7 ]) Con- 
stant acceleration/deceleration quasi-steady segments are 
inserted in between the steady- state segments to approxi- 
mate the conditions of slow-moderate maneuvering flight. 
The radiated noise is calculated by determining an equiva- 
lent steady condition in the measured acoustic data set and 
then interpolating that data to find the noise radiation in 
the direction of the observer. This Quasi- Static Acoustic 
Mapping (Q-SAM) method has been validated in several 
experiments and has been incorporated in empirical noise- 
mapping codes. (Refs. [8]|9]) 

In practice, helicopters often perform more aggressive 
transient maneuvers during typical flight operations, such 
as when approaching landing areas or when flying nap-of- 
the-earth to evade detection. The external noise of the he- 
licopter rapidly changes during these transient flight con- 


ditions. Similar to steady descending flight, one of the 
most prominent changes occurs when a transient maneu- 
ver causes the rotor wake to pass in close proximity to the 
tip-path-plane resulting in increased BVI noise radiation. 
Much of this BVI noise is directed towards the ground in 
the direction of forward flight. However, since the rotor tip- 
path-plane may move significantly out of the plane of the 
horizon during a maneuver, BVI noise radiation can also be 
directed towards the horizon. (Ref. [TO) It may not be possi- 
ble to model the increase in BVI noise radiation due to tran- 
sient maneuvering flight to the accuracy desired using the 
quasi-static (Q-SAM) method alone. The dynamic move- 
ment of the rotor and the movement of the shed vortices 
during the transient maneuver are likely to be significant, 
and may require more accurate physics-based modeling. 


First principles modeling of BVI noise has been at- 
tempted for the past forty years. In general, it has been 
shown that if the wake details are accurately captured, the 
noise can be predicted quite well. (Ref. [IT]) However, the 
information about the wake at the required level of detail 
is not normally available during the flight test of full heli- 
copters. In addition, the large computational time of first 
principles modeling methods precludes their use for near 
real-time noise prediction. 


Recent results from pure first principles theoretical mod- 
eling of helicopter BVI noise during transient maneuver- 
ing flight has suggested that very high noise levels might 
be achieved during aggressive maneuvers. These results 
were produced using a free-wake model that captured the 
bundling of trailed vortices under certain maneuvers that, 
when coupled with rotor aerodynamic and noise prediction 
codes, led to very high predicted noise levels. This phe- 
nomenon was called “super BVI,” and was associated with 
vortex bundling; producing BVISPL levels that were pre- 
dicted to be stronger than the effect of individual vortices 
that are normally encountered during descending flight. 
(Refs. |T2j|T3] ) However, the results for these very aggres- 
sive maneuver predictions have not been validated against 
experimental wake or acoustic measurements. 


Analysis of acoustic data collected during recent mea- 
surements of a Bell 206B helicopter during maneuvering 
flight has indicated that, in some conditions, BVI noise radi- 
ated during a maneuver initiated from level flight could set 
the aural detection distance of rotorcraft. (Ref. |T0| Several 
moderately aggressive transient maneuvers were flown that 
are typically encountered in operational situations. While 
BVI noise levels on the Bell 206B helicopter were signifi- 
cant, no evidence of “super BVI” significantly stronger than 
that achieved during steady- state descending flight was ob- 
served over the range of maneuvers flown during the pro- 
gram. Using a rigid- wake model, and keeping track of dis- 
crete BVI events, the BVI noise observed during maneuver- 
ing flight was found to correspond to the same types of in- 
teractions that occur during steady- state descending flight. 


Objective 


The objective of this paper is to develop an accurate 
and computationally efficient analytical model of heli- 
copter Blade- Vortex Interaction (BVI) noise during tran- 
sient maneuvering flight. The model is based on a non- 
dimensional and semi-empirical approach, called Funda- 
mental Rotorcraft Acoustic Modeling from Experiments 
(FRAME). (Ref. [14]) FRAME employs parameter identifi- 
cation techniques to adapt analytical models of the rotor 
noise sources to fit measured acoustic data captured over 
a wide range of steady- state operating conditions. Tran- 
sient maneuvers are treated as dynamic deviations from 
these steady- state conditions. Using this approach, a semi- 
empirical model for a specific helicopter is produced which 
can be used to predict the main rotor BVI noise radiation of 
a maneuvering helicopter to the accuracy required for mis- 
sion planning for helicopter operations. 


Experimental Data Sets 


Measured data from several flight and wind tunnel test 
programs have been used in the development of the tran- 
sient maneuver flight modeling presented in this paper. 
One acoustic data set was gathered some years ago in the 
German-Dutch Windtunnel (DNW) anechoic wind tunnel 
on the l/7th scale Operational Loads Survey (OLS) model 
rotor. (Ref. []3| The acoustic data set spanned a large range 
of rotor operating conditions and focused on the key pa- 
rameters that cause Blade- Vortex-Interaction (BVI) noise. 
Microphones were placed in the free- stream of the open 
jet at three rotor radii from the rotor hub directly ahead 
of the helicopter, and thirty degrees to either side and in 
the plane of the rotor. Microphones were also positioned 
at two additional elevation angles below the rotor at thirty 
and forty-five degrees, as shown in Figure [l] The model ro- 
tor acoustic data were of high quality and, when appropri- 
ately scaled, were shown to match full-scale acoustic data 
taken on a similar rotor taken in flight using a flying mi- 
crophone. (Ref. [16 ) The microphone was located on a quiet 
fixed wing aircraft that was flown in formation at a fixed 
distance from the helicopter 


Acoustic data were also gathered on a full-scale Bell 
206B helicopter during two separate flight test programs. 
The first test program was funded by the Center for Ro- 
torcraft Innovation (CRI) and conducted by University of 
Maryland, NASA, and the Army at the NASA Ames Re- 
search Center at Moffett Field, CA, in 2006. (Ref. [8| This 
test was unique in that it featured an array of microphones 
attached to a modified crop-dusting spray rig that enabled 
noise measurements to be made in a frame moving with the 
helicopter, shown in Figure[2] Noise measurements were si- 
multaneously made on the ground and were used to identify 
BVI noise radiation patterns during steady and quasi-steady 
flight. It should be noted that the addition of the measure- 
ment rig had a substantial impact on the drag of the heli- 



Fig. 1. A side-view of the l/7th Scale OLS test micro- 
phone layout. 

copter, increasing the forward tilt of the rotor during both 
level and descending flight, and consequently requiring a 
steeper descent angle to achieve maximum BVI noise radi- 
ation. 

A second Bell 206B helicopter flight test program was 
conducted by a Bell Helicopter, NASA, Army, and Uni- 
versity of Maryland test team on a rented farm in Hollis- 
ter, California in June 2007. The helicopter was flown in a 
“clean” configuration, without the inflight microphone ar- 
ray, as shown in Figure [3] The test site was selected for its 
low background noise levels and very low ambient winds. 
In addition to steady- state noise and performance measure- 
ments, constant acceleration/deceleration maneuvers and 
steady- state turning flight maneuvers were flown to confirm 
quasi-static methods of estimating noise. Transient maneu- 
vers were flown toward the end of the program and con- 
sisted of simple cyclic pull-ups and rolls that were initiated 
from level steady- state flight conditions at approximately 
100 feet AGL. In-flight measurements were made of air- 
craft performance parameters, including tip-path-plane an- 
gle of attack and inertial accelerations, in conjunction with 
ground-based acoustic measurements. The focus of this pa- 
per is to develop a method of estimating the radiated BVI 
noise that occurs during these transient maneuvers using 
a semi-empirical model with modeling parameters derived 
from steady-state flight and wind tunnel acoustics data. 



Fig. 2. The Bell 206B during the 2006 flight test program, configured with the inflight microphone array. 



Fig. 3. The Bell 206B during the 2007 flight test pro- 
gram in a “clean” configuration. 

Steady-State FRAME Modeling 

The semi-empirical modeling method that is described in 
this paper is an extension of the previously developed 
FRAME method. (Refs. [T4|[T7| FRAME allows measured 
acoustic data, from wind tunnel experiments and flight tests 
of similar rotors, to be mathematically generalized to rep- 
resent the noise radiation at other operating conditions. It 
does this by building non-dimensional phenomenological 
models of the major rotor noise sources that match the 
acoustic measurements made during flight and/or wind tun- 
nel testing of a particular vehicle. It then uses the resulting 
mathematical models to predict the radiated noise that the 
helicopter produces at other operating conditions and radi- 
ation conditions than were previously measured. 

Since BVI dominates the measured noise during tran- 
sient maneuvers, a non-dimensional and phenomenological 
FRAME model will be developed that accurately describes 


BVI in steady-state flight and may also be used to predict 
BVI noise during transient maneuvering flight. The focus 
of the paper will be on estimating the changes in the wake 
position relative to the tip-path-plane of the main rotor dur- 
ing the transient maneuver, because the “miss-distance” be- 
tween the tip vortices and rotor blades changes significantly 
during a rapid maneuver and is a dominant factor in the gen- 
eration of BVI noise. 

FRAME applies a parameter identification approach to 
a non-dimensional assumed analytical model of the rotor 
noise sources in order to develop a semi-empirical model 
for a particular helicopter which characterizes the noise ra- 
diation as a function of the rotor operating condition. The 
set of governing parameters used by FRAME includes the 
thrust coefficient (C7), advance ratio (jU), hover tip Mach 
number (M//), and inflow ratio (Ap). These governing pa- 
rameters define the rotor operating condition and are related 
through parameter identification to the dependent model- 
ing parameters of the analytical model. This results in an 
analytical model that reproduces the measured noise at all 
known operating conditions and enables accurate estimates 
of noise at other operating conditions. This process is illus- 
trated in Figure]?] 

A previous version of FRAME was developed to model 
main rotor BVI noise under steady operating conditions that 
used a variation on the Beddoes prescribed wake model. 
(Ref. p~8| The Beddoes (Ref. |T9] ) wake was modified to in- 
clude FRAME dependent modeling parameters controlling 
the inflow distribution over the rotor disk, harmonic vor- 
tex strength distribution, tip vortex initial roll-up radius and 
contraction, and initial vortex core size and growth. This 
wake model was used in conjunction with 2D indicial aero- 
dynamics theory (Ref. [20]) to compute compact-chord BVI 
airloads on the rotor blades. These airloads were then used 




as an input to a linear acoustic prediction code to estimate 
the noise at the desired observer locations. Due to the rel- 
atively short propagation ranges of the measured data ex- 
amined in this paper, the effects of atmospheric absorption 
have been neglected in the FRAME model. 



as the tail rotor. The signals were then high-pass filtered at 
250 Hz in order to remove the lower harmonic loading and 
thickness noise from the signal. The averaging technique 
is described in greater detail in Reference [2l] Agreement 
between the measured and modeled amplitudes and pulse 
shapes is very good. 

Figure [6] also compares the BVI noise predicted by 
FRAME for the same steady- state descent at 60 KIAS and 
-7.5° flight-path angle but when the helicopter was 500 ft 
ahead of the microphone array and 325 feet above ground 
level. Once again, the measured data are captured at ob- 
server positions towards the advancing, center, and retreat- 
ing sides of the main rotor. However, because these micro- 
phone locations are closer to the helicopter and the angle 
between the rotor plane and the observers greater, the levels 
are noticeably larger. Once again, agreement is quite good, 
especially for the strong BVI observed by the advancing 
side microphone. It is clear from this quick check of the 
noise radiated under steady-state conditions that BVI is ac- 
curately modeled by the FRAME approach. 

Transient Maneuver FRAME Modeling 


Fig. 4. A flowchart of the FRAME method for develop- 
ing rotorcraft acoustic models. 

Steady State FRAME Noise 
Predictions Versus Measurement 

A FRAME modeling structure for BVI was selected and 
key parameters were identified using measured data for the 
Bell 206B helicopter in steady- state flight from the 2006 
flight test program (Ref. [8| and combined with wind tunnel 
data from the two-bladed l/7th scale OLS rotor in the DNW 
wind tunnel. (Ref. p~5| The FRAME model was first used to 
model steady flight and compared to measured data cap- 
tured from three ground-based microphones from the 2006 
flight test program. Many additional comparisons between 
measured data and FRAME models for the Bell 206B in 
steady flight may be found in References |T7]andfT4|for BVI 
and other main rotor harmonic noise sources. 

To recheck the ability of FRAME to reproduce steady- 
state BVI noise, acoustic measurements at three micro- 
phone locations were compared with FRAME predictions. 
Figure [5] compares the BVI noise predicted by FRAME for 
a steady-state descent at 60 KIAS and -7.5° flight-path an- 
gle to measured data captured at observer positions towards 
the advancing, center, and retreating sides of the rotor. At 
the time shown, the helicopter was approaching the array 
from a distance of 1,000 feet from the center microphone 
and at an altitude of 375 feet above ground level. This flight 
condition was known to generate strong BVI noise radiation 
in the Bell 206B as it was configured in the 2006 flight test. 
The measured data have been averaged on the main rotor 
blade passages in order to suppress other noise sources such 


In order to extend the FRAME approach to maneuver- 
ing flight conditions, the existing steady-flight BVI model 
must be replaced with a model that can account for time- 
varying changes in the rotor operating condition. The sim- 
plest method for doing this is to build a sequence of con- 
stant acceleration steady-state models that represent the he- 
licopter as it transitions from one helicopter state to an- 
other. This is the essence of the Q-SAM method that has 
been shown to be valid for constant acceleration maneu- 
vers. For a helicopter undergoing constant acceleration, the 
inflow through the rotor reaches an equivalent steady-state 
condition, which results in an equivalent steady-state fixed 
wake geometry. This equivalent geometry is used to find 
the equivalent steady-state operating condition. The radi- 
ated noise is then propagated to observers for the equivalent 
steady-state operation. Noise from these equivalent condi- 
tions make up constant acceleration segments that allow the 
helicopter to transition from one steady- state operating con- 
dition to another. The quasi-static method has only been 
recommended for slow-to-moderate maneuvers where the 
geometry of the wake does not change significantly during 
the maneuver. 

In reality, the maneuvering helicopter is constantly un- 
dergoing accelerations along the flight-path. Therefore, the 
inflow through the rotor is also continually changing and 
never reaches the equivalent steady- state geometry of a con- 
stant acceleration maneuver. For slowly varying changes in 
acceleration, neglecting the dynamic motion of the wake 
would be expected to produced only small differences in 
the radiated noise. 

A new method for approximating the effects of accel- 
eration along the flight-path is suggested in this paper, 



Fig. 5. Comparison of measured and FRAME pressure time histories emitted by the helicopter 1,000 ft in front of 
the microphone array during steady 60 KIAS, -7.5° flight-path angle descending flight. 


FRAME-Dynamic (FRAME-D), which is a conceptual ex- 
tension to the Q-SAM approach. As in Q-SAM, changes in 
acceleration require that the governing force balance equa- 
tions hold at every time step during the maneuver. The ef- 
fective controlling parameters of the problem are the main 
rotor tip-path-plane angle and thrust. Rotor inflow is deter- 
mined at these changing conditions as in the Q-SAM ap- 
proach. However, the vertical positions of the shed vortices 


with respect to the tip path plane of the rotor are now found 
by integrating the sum of the freestream velocity and the 
vertical induced inflow through the rotor disk. This inflow 
is continually changing as the force balance of the rotor de- 
termines the tip-path-plane angle and thrust magnitude of 
the maneuver. If steady- state conditions occur, the vertical 
positions of the wake return to their steady-state values. In 
addition, significant changes in the thrust will lead to corre- 



Fig. 6. Comparison of measured and FRAME pressure time histories emitted by the helicopter 500 ft in front of the 
microphone array during steady 60 KIAS, -7.5° flight-path angle descending flight. 


sponding changes in the circulation strength of the tip vor- 
ticies and the amplitude of B VI noise. 

The particular steady-state wake model that is altered in 
FRAME-D to account for transient dynamic maneuvers is a 
generalization of the prescribed wake concept of Beddoes. 
The vertical positions of tip vortex locations are described 
using an ODE that describes their convection from the ro- 


tor tip-path-plane due to the time-varying free-stream ve- 
locity of the rotor, rotation of the tip-path-plane through the 
medium, and induced inflow velocity. This generalization 
of the wake model captures the the change in the curvature 
of the wake due to rapid pitching or rolling of the tip-path- 
plane. In addition, the in-plane geometry of the shed tip 
vortices reflects the continuos variation in the advance ra- 
tio caused by a rapid acceleration or deceleration. The new 


dynamic wake model supplies input to the indicial aerody- 
namics method and acoustic solver as in the steady-flight 
version of FRAME. No additional modeling parameters are 
required to construct the model for transient flight, enabling 
existing steady-flight wind tunnel and flight test data to 
be used to construct FRAME-D models applicable to ma- 
neuvering flight conditions. A complete description of the 
mathematical model used by FRAME-D is supplied in the 
|Appendix| Figure[7]is a flowchart describing how this time- 
varying model is utilized in conjunction with FRAME-D in 
this paper, with references to the relevant equations found 


in the Appendix 


Transient Maneuvering Flight FRAME-D 
Noise Predictions Versus Measurements 

The results of using the FRAME-D model to estimate the 
BVI noise generated by the Bell 206B for three maneuvers 
flown during the 2007 flight test program are compared with 
measurements of the radiated noise. The maneuvers consid- 
ered in this paper include a fast cyclic pitch up, a slow cyclic 
pitch up and a fast cyclic roll towards the advancing side of 
the rotor. The inputs to the model were the inertial mea- 
surements of the position and orientation of the helicopter 
as well as the direct measurement of the longitudinal flap- 
ping of the rotor tip-path-plane. Winds were assumed to be 
zero in the model; during the test, winds were measured on 
the ground between 1 and 1.5 kts in a crosswind direction. 
The enhanced FRAME-D model can be executed faster than 
real-time using one typical 2.6 GHz desktop processor core 
for each observer at the resolution used to generate the re- 
sults shown in this paper. 


Fast Longitudinal Cyclic Pitch Up 

The upper plots for each of the advancing side, center, and 
retreating side microphones shown in Figure [5] display the 
pressure time-histories measured during the fast pitch up 
maneuver. The maneuver was performed from level flight 
at an initial altitude of 150 feet starting from a distance of 
1,700 feet from the microphone array and continued until 
the helicopter was 1,000 feet away from the array. Per- 
forming the maneuver causes a significant increase in the 
radiated noise. On the center microphone, two peaks in the 
BVI noise levels are observed; the first as the wake moves 
up through the rotor shortly after the initial pull up and a 
second after the wake passes back down through the rotor 
once the pilot begins to exit the pitch-up condition. The be- 
havior on the retreating side is similar, shown on the upper- 
most plot, although with a greatly reduced second peak. On 
the advancing side, the peak noise level is found at a time 
between the two peaks observed by the center microphone. 

The FRAME-D predictions are shown below the mea- 
sured pressure-time histories in the same figure. The model 


captures the behavior of the BVI noise induced by the ma- 
neuver in both time and amplitude. As the maneuver pro- 
gresses, the FRAME-D model captures the increase, then 
decrease, and then increase in peak amplitude on the center 
microphone that is shown in the data. The large increases in 
BVI noise of this 1 .8 g maneuver are comparable to the lev- 
els obtained at the same non-dimensional distances during 
maximum BVI levels measured in steady descending flight. 

The “double-dip” nature of the BVI can be rationalized 
by looking at the closest miss-distances between the vortex 
positions and the blades. Figure [9] shows a time-history plot 
of the vertical miss-distances between the shed tip vortices 
and the rotor blades in the advancing side rear quadrant of 
the rotor. The interactions caused by the vortex shed by one 
blade are red and those of the other blade black. There are 
four rows of miss distances; the upper most row are due 
to vortices with a wake age of about 1 80° and each subse- 
quent row is due to vortices about 1 80° older than the last. 
In this figure, a negative miss-distance indicates a vortex 
below the rotor tip-path-plane and a positive miss-distance 
a vortex above it. As the helicopter pitches up, the tip-path- 
plane angle of attack increases, decreasing the mean inflow 
through the rotor. The vortices are seen to convect well 
above the plane of the rotor during the pitch up. This re- 
sults in two times when the miss-distance approaches zero, 
at about zero and two seconds from the beginning of the 
maneuver. The peak levels of the noise radiated towards the 
center microphone occur when the miss distances are near 
zero — first when the vortices pass up through the rotor disk, 
and then again when they pass back under the disk. When 
the time delay of approximately one second due to propaga- 
tion is accounted for, this corresponds to the observed tim- 
ing of the BVI peaks in the pressure time-histories shown 
in Figure [8] Interestingly, the miss-distances of vortices at 
different ages tend to converge to zero at about the same 
time — this is thought to be because the higher pitch rate of 
the fast maneuver tends to cancel some of the wake curva- 
ture caused by the longitudinal linear induced inflow dis- 
tribution. This may result in more BVI being activated 
simultaneously than in steady descending flight with the 
same mean inflow, especially for multi-bladed rotor systems 
where there are more trailed tip vortices. 

Figure [lO] shows an expanded time-history of the BVI 
pulses for approximately one revolution at a time near the 
maximum observed BVI amplitude for each observer. The 
BVI pulse shapes are seen to be similar for both the model 
predictions and measured data. Almost all of the impor- 
tant BVI events have been captured during this transient 
cyclic pull-up maneuver, although close examination shows 
that the model consistently overestimates the widths of the 
negative peaks. Note that the measured data contain noise 
generated by sources other than BVI, such as the tail rotor, 
whereas the estimated noise only includes the contribution 
of loading noise due to BVI. In addition, the rotor azimuth 
in the model is not synchronized with the measured data 



Fig. 7. A flowchart of the FRAME-D maneuver noise model, as used in this paper. Equation numbers are noted in 
blocks where applicable, and refer to the mathematical model detailed in the | Appendix) 


and as such the pulses do not align in phase. 

Once validated with experiment, the FRAME-D model 
can also be used to estimate noise levels over a wide area. 
Figure [TT] shows a sequence of ground noise contour plots, 
each plotted in OASPL calculated over a time period con- 
taining three revolutions of BVI noise estimated by the 
model. Figure [Tl^ shows the noise levels just prior to onset 
of the maneuver from a steady level flight condition heading 
towards the southeast. Figure [Tl]) shows the initial increase 
in BVI noise radiated ahead of the helicopter, setting the 
initial peaks on the center and retreating side microphones. 
Later, shown in Figure [TT] :, the directivity has shifted to- 


wards the advancing side as the parallel BVI is activated, 
which sets the peak on the advancing side channel. As the 
helicopter ends the maneuver, the wake returns through the 
rotor, activating an oblique BVI, shown in Figure [Tlji. The 
directivity of the noise shifts back towards the front of the 
helicopter, setting the second peak on the advancing and re- 
treating side microphones. 


Slow Longitudinal Cyclic Pitch Up 


Figure [12] compares the pressure time histories measured 
by the advancing side, center, and retreating side ground 



Fig. 8. Comparison of measured and FRAME predicted pressure time histories at microphone array locations over 
the duration of the fast pitch up maneuver. 


based microphones to the pressure time histories estimated 
using the FRAME-D model for the Bell 206B during the 
slow pitch up maneuver. Once again, the helicopter begins 
the run in a steady level flight condition at an altitude of 
150 feet above ground level. In general, the amplitudes of 
the BVI pulses are in good agreement between the mea- 
surement and the modeled pressure time histories, although 


the model overestimates the magnitude of BVI radiated to- 
wards the advancing side. The model does not capture some 
of the unsteadiness of the actual maneuver which results in 
less fluctuation in the BVI pulse amplitudes from one blade 
passage to the next. This may be caused in part by the low 
sampling rate of the position tracking data used to derive 
estimates of the helicopter’s flight state, 1 Hz, which is too 


Vertical Miss-Distance 



Fig. 9. Vertical miss-distance time history during fast 
pitch-up maneuver. 

coarse to capture the pulse-to-pulse fluctuations. The model 
accurately captures the timing of the BVI noise generated 
by the maneuver, with peak noise seen first on the center 
and retreating side observers and followed almost two sec- 
onds later on the advancing side. 

Figure p3] shows a time-history plot of the vertical miss- 
distances between the shed tip vortices and the rotor blades 
in the advancing side rear quadrant of the rotor. In contrast 
to the fast pitch up, the vortices only just reach the rotor tip 
path plane, and the interactions with the younger vortices 
tend to have smaller miss-distances than those of the older 
vortices throughout the entire maneuver — this explains the 
lower noise levels on the advancing side and the presence 
of a single peak of BVI noise of a longer duration observed 
on the center and retreating side microphones. 

Fast Lateral Cyclic Advancing Side Roll 

Figure [l4]compares the pressure time histories measured by 
the advancing side, center, and retreating side ground based 
microphones to the pressure time histories estimated using 
the FRAME-D model for the Bell 206B during a fast cyclic 
roll towards the advancing side initiated from level flight at 
a height of 150 feet above the ground. In general, the am- 
plitudes of the BVI pulses are in good agreement between 
the measurement and the modeled pressure time histories, 
although the model overestimates the magnitude of BVI ra- 
diated towards the advancing side. This may be caused in 
part by a lack of lateral tip-path-plane information and the 
slow rate of the inertial measurement data used as an input 
to the model. 

Plotted in Figure |T5] is the time-history of vertical miss- 
distances between the vortices and blades in the advancing 
side rear quadrant of the rotor during the fast advancing side 
roll. The miss-distance time-history is similar to that of the 
slow cyclic pitch up maneuver, previously shown in Figure 


|T3| During the maneuver, the vortices just reach the tip- 
path-plane in the advancing side rear quadrant, leading to 
a single BVI noise peak radiated towards the center micro- 
phone as seen in the ground noise measurements. The roll 
maneuver is somewhat more abrupt than the slow pitch-up, 
resulting in a BVI noise peak of shorter duration. 

Conclusions 

A new semi-empirical analytical model was introduced in 
this paper that describes the generation and radiation of BVI 
noise for a single main rotor helicopter executing two differ- 
ent kinds of transient maneuver. The model is an extension 
of a steady- state parameter identification modeling method 
that is based upon the basic physics of BVI noise radiation. 
The model includes the effect of accelerated flight in the 
resulting force balance equations, but also includes the in- 
tegrated effects of the tip vortex positions to determine the 
miss distance between the tip vortices with respect to the 
blades. 

The change in BVI caused by maneuvers appears to be 
primarily caused by the change in miss-distance between 
the rotor blades and tip vortices and also by the changing 
thrust of the main rotor. For the rapid cyclic pull-up of the 
Bell 206B helicopter, the model captures both the qualita- 
tive and quantitative features of the radiated noise. Peak 
amplitudes and pulse shapes during the transient maneuver 
are well captured at three microphone locations. 

The slower cyclic maneuver results also capture the ma- 
jor trends measured in the test program — but not as well as 
the fast maneuver case, due to the variability of the mea- 
sured BVI noise. The event is less discernible in the mea- 
surements because strong BVI are not observed. The BVI 
produced during a pure cyclic roll transient maneuver are 
also predicted fairly well. However, the predicted levels are 
too high towards the advancing side, suggesting that more 
improvements of the modeling of turning flight are proba- 
bly required. 

The general concept of modeling of transient maneuver- 
ing flight based upon measured steady data has been shown 
to be viable. This simplified method developed is based 
upon the physics of the problem and is both computation- 
ally fast and accurate. It is a good candidate for use in real- 
time displays and for developing noise exposure forecasts 
of a maneuvering helicopter. 

Appendix: Mathematical Description 
of the FRAME-D BVI Noise Model 

The FRAME-D BVI noise model is an extension of the 
steady-state BVI noise model used in a previous version 
of FRAME, which was based on the Beddoes’ prescribed 
wake model. In the Beddoes’ wake model, the position of a 
vortex element in the rotor wake is a function of the steady- 
state flight condition. The new wake model in FRAME- 
D extends the Beddoes’ concept to maneuvering flight by 



Fig. 10. Comparison of measured and FRAME predicted BVI pulses at microphone array locations near the peak 
observed levels during the fast pitch up maneuver. 

determining the position of a vortex element through the 
time integration of the pitching and rolling motions of the 
tip-path-plane, the free stream velocity, and the vertical in- 
duced velocity over the wake age of the vortex element. For 
a steady-state flight condition, this new model is equivalent 
to the modified Beddoes model previously used in FRAME. 


is prescribed over the rotor a priori. The trailed tip vortices 
are then assumed to convect with the superposition of the 
induced velocity and the motion of the rotor with respect to 
the medium. Unlike Beddoes’ model, the flight condition 
is allowed to vary over time and the rotor tip-path-plane to 
rotate in space. The vertical motion of the vortex elements 
in tip-path-plane coordinates (x-aft, y-advancing side, z-up) 


As in the Beddoes’ wake, an induced inflow distribution 
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Fig. 11. Sequence of BVI ground noise contour plots (OASPL) for the fast pitch up. Black dashed line is the 
helicopter trajectory, the red circle is current helicopter position, and the green squares are microphone locations. 


is therefore described by the following differential equation: 

dz 

= (S(vO xx v (y)) -l + lkiv) -^(* v (v0> VO (D 

The Beddoes induced inflow distribution across the rotor 
disk is the superposition of the mean induced inflow, the 
longitudinal linear Glauert inflow distribution (Ref. [22]), and 
Beddoes’ lateral cubic inflow distribution representing the 
cumulative upwash induced by the rolled-up trailed tip vor- 
tices. 


k (xv ( vO , v) = Ao ( v) + he ( V'K (v)-hc(v) 


yl(v) 


( 2 ) 


where the mean induced inflow is determined from momen- 
tum theory and Glauert’ s linear longitudinal inflow coeffi- 
cient is taken to be the wake skew angle: 


Ao = — / = (3) 

2yJ(h-fk) +f£ + f*y 


Aic 


— X — arctan 


Ao -Hz 


(4) 


For a steady flight condition with no pitch or roll rate, 
and where the tip- vortices are released from the blade tips 
(i.e. r = 1), this model is identical to Beddoes’ algebraic 
model for the vertical position of vortices underneath the 
rotor disk. When integrated for a steady-flight condition, 
the model yields the following algebraic expression: 


= <t> 



£v(0) — HzQ Jxj/b Kdy 

Ao — Aq c (cos y/ v + — | sin y/ v 



(5) 


Further experimental studies of rotor wakes have sug- 
gested revisions to the Beddoes model. For example, van 
der Wall [17] found that a lateral linear distribution of in- 
duced inflow superimposed on the Beddoes distribution im- 
proved agreement of the model with the HART PIV mea- 




Fig. 12. Comparison of measured and FRAME predicted pressure time histories at microphone array locations 
over the duration of the slow pitch up maneuver. 


surements of the rotor wake. 


ficient reduced to half the wake skew. 


k(Mv),v) = ^o(v)+kc(¥)xv(w) 

-hc(v)\yl(v)\+hs(v)yv(Y) ( 



h s = - 2 m * 


(7) 

( 8 ) 


where the lateral inflow coefficient is that suggested by 
Drees’ inflow model (Ref. [23] ) and the longitudinal coef- 


In practice, the best inflow distribution coefficients for a 
specific vehicle configuration are not known a priori. A 


Vertical Miss-Distance 



Fig. 13. Vertical miss-distance time history during slow 
pitch-up maneuver. 

range of potential inflow distributions may be described 
more generally as the following. 


MMy),V) =AX G {y/)+BX lc (y/) [* v (V') - ^(vOl] 

+CX ls {yf)y v {yf) 


(9) 

where A, B , and C are empirical parameters which control 
the respective mean, longitudinal, and lateral components 
of the induced inflow distribution over the rotor disk. 


In addition to the vertical position of the trailed tip vor- 
tices with respect to the tip-path-plane, the longitudinal and 
lateral motion of the wake effects BVI. The epicyclical ge- 
ometry of the wake sets the interaction angles between the 
blades and the vortices, which determines how the acous- 
tic disturbances accumulate in the far field and the resulting 
directivity and magnitude of BVI noise. 

While Beddoes’ original model assumed that the blade 
tip vortices were trailed from the tip of the blade, in practice 
the tip- vortices roll-up somewhat inboard of the blade tips. 
Therefore, the initial position of a vortex element at the time 
of release can be described as follows: 


f*v(V'o)] ( cos y/Q 1 

MVo) = { >v(V / o) } = { r r sin V'o > (10) 

Uv(V'o) J l 0 J 


As the rotor wake convects downstream, it also con- 
tracts. This can be accounted for by applying an empirical 
model of the wake contraction. Landgrebe and Egolf identi- 
fied the following algebraic model for the wake contraction 
in forward flight. (Refs. |24[|25] ) 

r v = rr(D + {l-D)e~ X ^ ( 11 ) 

— 0.145 + 27Cj (12) 


where D is an empirical parameter controlling the rate of 
wake contraction. 

Altogether, the differential equation describing the con- 
vection of a vortex element relative to the rotor hub due to 
rotation, translation, and induced velocities is as follows: 

§| = &(v) xx v (v)+Mv) 

f(l xo) (13) 

-<(1 -D)?i l e- X ^b-Vv)y 0 \ 

{ MM ¥'),¥) ) 

where A* (x v ( 1 /a) , Xjf) is detirmined using Equation^ 

This ODE is solved for each vortex element from the 
time of release until it has passed behind the rotor disk and 
no longer contributes to BVI. For steady flight, the model 
reduces to the same algebraic model as was used previously 
for BVI noise estimation in FRAME. With the coefficients 
A, 5, C, D also set to unity, the Beddoes wake with Drees’ 
lateral inflow is recovered. 

In addition to the wake geometry, there are other mech- 
anisms that control the strength of BVI noise. The initial 
vortex core size and growth rate control the diameter of vis- 
cous vortex core along the tip vortices, and thereby influ- 
ence the impulsiveness of the BVI events and the resulting 
noise levels. The non-dimensional vortex core size is ex- 
pressed in the model as: 

^ c = 00+ ~ V^v) (14) 


The strength of the tip vortex directly influences the 
strength of the BVI, and varies azimuthally. This is ex- 
pressed in the model using an additional three parameters: 


YviVv) = r 0 (70 + Y\ s sin V\- + 7i c c°s y/ v ) (15) 


where the nominal vortex strength Tq is determined by the 
ideal vortex strength resulting from a constant triangular 
load distribution along the blade span: 


r 0 = 


r 0 

SIR 2 


2kC t 

b 


(16) 


The velocity induced by the vortices onto the blades 
is then evaluated through integration of the viscous Biot- 
Savart law in order to calculate the instantaneous lift coeffi- 
cient at the blades due to BVI. The Vatistas (Ref. [26]) model 
with n = 2 is used, which can be described with the follow- 
ing relation for non-dimensional swirl velocity: 

^ = M (17) 

QR 2 n{r 2n + r 2 M l l n ) 


The induced velocities are then used to calculate the per- 
turbation in the blade section angles of attack. The 2D 
incompressible Beddoes-Leishman indicial aerodynamics 



\ 

\ 

\ 

r 


Measured: Retreating Side Microphone 


1 Mil 





2.5 

2 

1.5 
1 

0.5 

0 

-0.5 


2.5 
2 - 

1.5 
1 

0.5- 

0 

-0.5 


FRAME: Retreating Side Microphone 



Measured: Center Microphone 






Uillllll 


FRAME: Center Microphone 



Measured: Advancing Side Microphone 




ww 


■ ntf w w r iiW 


2.5 p 
2 - 
1.5- 
1- 
0.5- 
04 


FRAME: Advancing Side Microphone 


-2-101234 

Time, s 

Fig. 14. Comparison of measured and FRAME predicted pressure time histones at microphone array locations 
over the duration of the fast advancing side roll maneuver. 
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Fig. 15. Vertical miss-distance time history during fast 
advancing side roll maneuver. 

method (Refs. [20||27| is applied to the perturbation angles 
of attack to produce the airloads used to estimate B VI noise: 

cc e (s) = a(s) —X(s) — Y(s) (18) 


The parameters used by FRAME to fit the analytical 
model to the measured data for a particular operating condi- 
tion are the unknown empirical terms A, B , C, D , r r , rO, C v , 
70 , 7i v , and J\ c . FRAME is applied to BVI noise measure- 
ments for a range of steady operating conditions for isolated 
rotors in wind tunnels and full vehicles in flight test in or- 
der to develop a relation between the governing and depen- 
dent parameters applicable over a wide range of operating 
conditions. These parameters can then be employed in the 
FRAME-D model, varying with the quasi-static values of 
the governing parameters defining the rotor acoustic state, 
/I, Aq, Cj , and Mjj. 
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